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Abstract
Climate change can indirectly affect the level of predation on soft corals. As sea
temperatures rise, more and more bleaching events are occurring, which can affect the
production of chemical defenses and the concentrations of the biochemical constituents
that make up the soft corals. These changes may make the soft corals more attractive to
predators. This phenomenon is suggested by the environmental stress theory (EST),
which states that under stressful conditions, more of an organism’s energy is allocated to
survival rather than to other factors, such as reproduction or predator deterrence. To test
the effect of predation on already bleached soft corals, an array of different cage types
was placed over the soft coral Sinularia polydactyla to show how the cages affected
biochemical constituents in the soft corals. Percent carbohydrates were highest in
uncaged soft corals, suggesting a cage effect because the cage did not block any sunlight
or slow the rate of photosynthesis in these individuals. Percent protein was highest in
caged soft corals, suggesting a predation effect because the cage inhibited predators from
feeding on the soft corals. In contrast, there was no significance between the treatments
for percent lipid or percent ash. In conclusion, climate change has caused an increasing
number of bleaching events, and although only the decreased protein concentration
appeared to be a direct effect of predation, carbohydrates are also indirectly affected by
predation and directly affected by loss of the coral’s zooxanthellae symbionts due to
bleaching.
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Introduction
Why Corals Matter
In tropical Indo-Pacific coral reef communities, scleractinian hard corals and
alcyonacean soft corals represent major components of the reef ecosystem and significant
portions of the total biomass (Slattery et al. 2013; Slattery & Gochfeld 2016).
Scleractinian corals have been extensively studied and are important for reef building and
habitat, as well as food for various associated fish and invertebrate species (NOAA
2004). Coral reefs play crucial roles in human activities, such as tourism and fishing,
coastal protection, and the discovery of new drugs and biochemicals (Hoegh-Guldberg
1999). While soft corals have not been studied in as much detail as hard corals (Slattery
& Gochfeld 2016), they are also important habitat and food for predators (Slattery et al.
2013), although they do not have as great of an impact on reef building.

Biology / Ecology of soft corals
Soft corals are long-lived, soft-bodied organisms that reproduce both asexually,
by fission and budding, and sexually, which is why they are so abundant. Soft corals are
also colonial which can be advantageous as they support each other physically and
energetically through specialized functions and connections (Bayer 1973). Although soft
corals do not produce as much calcium carbonate as hard corals, they do contain small
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spiny calcium carbonate elements called sclerites, which provide structure and defense
(NOAA 2004).
Like hard corals, soft corals live in a symbiotic relationship with zooxanthellae,
which are microscopic, photosynthetic algae that live in the coral’s tissues (Panithanarak
2014). Zooxanthellae help the coral by producing glycerol, glucose, and amino acids that
the corals can use for the production of proteins, lipids, carbohydrates, and calcium
carbonate. The coral provides physical protection to the algae, as well as nitrogen and
phosphorous that the algae use as a nutrient source to meet their metabolic demands
(NOAA 2004; Slattery & Paul 2008). Soft corals rely on zooxanthellae to meet a large
portion of their energetic demand; however, zooplankton and organic matter are ingested
as well (Imbs & Latyshev 2012).
The soft coral genus Sinularia is abundant on shallow coral reefs throughout the
Indo-Pacific. In Guam, it once comprised over 95% of the biotic reef environment in
certain shallow back-reef habitats (Slattery et al. 2008; Slattery & Gochfeld 2016). In this
particular location, Sinularia polydactyla and Sinularia maxima are the most abundant
species (Hoover et al. 2007), although their relative abundance has varied over the past
two decades (Slattery et al. 2008; Slattery & Gochfeld 2016).
Like all corals, soft corals of the genus Sinularia are sessile, meaning that they
cannot move to escape predation. Soft corals, such as S. polydactyla, typically live in
habitats with numerous fish predators, so they should represent a good food resource due
to lack of a hard skeleton; however, studies have shown that this is not the case (Pawlik et
al. 1987; Sammarco & Coll 1988; Slattery & McClintock 1995). The main predators that
feed on soft corals are butterflyfishes and aeolid opisthobranchs, which are specialists on
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soft corals (Slattery et al. 1998; Slattery & Gochfeld 2016). Soft corals are also fed on by
generalist predators such as pufferfishes (Slattery et al. 2001). The main reason that soft
corals can resist predation by all but the most specialized predators is because they
produce secondary metabolites as a line of chemical defense (Slattery et al. 2008; Slattery
et al. 2013), which play roles in deterring predators, showing dominance in competition,
and resisting pathogens (Slattery et al. 2008; Slattery et al. 2013). Although there are
important reasons for producing secondary metabolites, the coral could pay a cost in
terms of reallocating energy to secondary metabolite production rather than using that
energy for other needs, such as growth and/or reproduction (Slattery et al. 2001; Slattery
& Paul 2008).

Stressors
Although corals have historically been major components of tropical reefs, they
are increasingly under stress from a variety of natural and anthropogenic sources,
including coastal run-off, pollution, ultraviolet light exposure, extreme temperatures and
salinities, predation and disease (Fujise et al. 2014; Jackson et al. 2014). However,
climate change represents one of the most important stressors affecting coral reefs
worldwide (Hoegh-Guldberg & Bruno 2010), consisting primarily of increased sea
surface temperatures and/or ocean acidification. Over the past few decades, oceans have
been absorbing more heat because global temperatures have increased by about 0.2ºC per
decade (Hoegh-Guldberg & Bruno 2010). Also, oceans have absorbed large
concentrations of carbon dioxide waste from human activity, causing the surface layers to
acidify (Hoegh-Guldberg & Bruno 2010).
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One obvious stress response in corals is bleaching (Slattery & Paul 2008). Under
elevated seawater temperature, a loss of zooxanthellae—which turns the coral white due
to the loss of their pigments—can be catastrophic to the coral’s health due to a reduction
in photosynthetic products (Slattery & Paul 2008). With this reduction, the corals must
use their stored carbon reserves in protein, lipids, and carbohydrates to survive (Slattery
& Paul 2008). Using protein and carbohydrate reserves to provide a bleached coral with
metabolic energy is only a short-term solution, while using lipid reserves could last
nearly three months (Slattery & Paul 2008). Within that time frame, if the increased stress
subsides, the coral can be repopulated by zooxanthellae symbionts (Buddemeier & Fautin
1993). Nonetheless, if the coral undergoes a catastrophic bleaching event and cannot be
repopulated, the coral will ultimately die due to its inability to photosynthesize and
acquire sufficient nutrients.
In addition to a reduction in the biochemical constituents of the coral, bleached
corals are more susceptible to predation, another stressor, as measured by bite scars
(Slattery et al. 2001; Slattery & Paul 2008). Specific secondary metabolites are produced
to protect the coral from predation (e.g., pukalide and 11β-acetoxypukalide in Sinularia
spp.: Slattery et al. 2001); however, producing these compounds in bleached corals likely
requires a significant portion of the coral’s energy, which is known as an energetic tradeoff (Cronin 2001).
In an earlier study, S. maxima colonies were subjected to an ultraviolet light
stressor to induce bleaching, and then the effects on predation and changes in
biochemical constituents were determined. Slattery and Paul (2008) found that bleached
corals showed a decrease in chemical defenses, and thus an increase in predation. In

4

addition, they found a decrease in nutrients, which led to a decrease in predation as well
(Slattery & Paul 2008). Their results were found to support the environmental stress
theory (EST), which states that when a stressed organism is low on resources, more
energy is put into maintaining its health than into producing chemical defenses against
predation. This is where the energetic tradeoff is relevant. With so much of the bleached
coral’s energy invested in maintenance to keep the coral alive, the deteriorating health
allows for greater susceptibility to predation (Slattery & Paul 2008).
The current study tests the EST in S. polydactyla subjected to bleaching by rising
temperatures. Since the Slattery and Paul (2008) study was performed in 1994, there has
been an increasing regularity of bleaching events in the Indo-Pacific (Donner et al. 2005;
Slattery personal communication), meaning that the soft corals sampled for this
experiment were already stressed. S. polydactyla was previously resistant to bleaching;
however, with the increased frequency of thermal anomalies, this species has begun to
bleach as well (Slattery, personal communication). Many studies have investigated
aspects of bleaching, predation, and secondary metabolites in soft corals (Slattery &
McClintock 1995; Slattery et al. 2001; Slattery & Paul 2008; Slattery & Gochfeld 2016),
however, few have tested how the level of physical damage due to predation specifically
affects soft corals. The purpose of this study was to determine whether the level of
predation affects the biochemical composition of bleached S. polydactyla.
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Materials and Methods
Study Site
Colonies of the soft coral, Sinularia polydactyla (Figure 1), were collected off the
western coast of Guam at a site called Piti Bomb Holes (Figure 2). This site consists of
deeper sinkholes surrounded by a reef flat in shallow water of 1-2 m depth, which is
dominated by a multitude of hard and soft corals (Slattery et al. 2008; Slattery &
Gochfeld 2016).

Experimental Design
In 2014, a caging experiment was performed by Dr. Marc Slattery, in which bleached
colonies of S. polydactyla (~20 cm diam, Figure 1) were placed in wire mesh cages (1 cm
mesh; 30 x 30 x 30 cm), partial cages (consisting of the top, bottom, and two sides), or
remained uncaged on the reef flat (Figure 3). The experiment lasted for 12 months. At the
conclusion of the experiment, ten samples of S. polydactyla were collected from each of
the three treatments: uncaged, partially caged, and caged. To determine the effects of
predation on bleached soft corals, analyses of carbohydrate, lipid, protein, and ash were
conducted. Frozen samples of caged, partially caged, and uncaged S. polydactyla were
freeze-dried and crushed by mortar and pestle to a powder for measuring the biochemical
constituents.
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Protein Analysis
To assess soluble protein content of the samples (Bradford 1976), 10-10.4 mg of dried
coral powder was extracted in 5 mL of 1M sodium hydroxide (NaOH) for 24 hours at
room temperature. To obtain a standard curve, 40 µL of each bovine serum albumin
(BSA) standard (0 [1M NaOH], 0.125, 0.250, 0.500, 0.750, 1.000, 1.500, 2.000 µL/mL;
BioRad QuickStart BSA Standard Set #500-0207) was mixed with 2 mL of dye reagent
(BioRad QuickStart Bradford dye 1X #500-0205), and absorbance was measured on a
spectrophotometer (Eppendorf BioPhotometer) at 595 nm. A standard curve of
concentration vs. absorbance was plotted to show a trend-line, equation, and R² value of
≥ 0.98. Absorbance was then measured on the same mixture of 2 mL of dye reagent with
40 µL of the extracted coral samples. To calculate protein concentration in each cuvette,
the y-intercept in the standard curve equation was subtracted from the absorbance and
divided by the slope of the standard curve equation. It was then multiplied by 5 mL
NaOH. Protein concentration in the coral tissue was calculated by dividing the protein
concentration in the cuvette by the amount of tissue extracted. This was multiplied by
100 to determine the percent of protein in the sample.

Carbohydrate Analysis
From each coral, 10-15 mg of dried coral powder was weighed into a scintillation vial
and extracted with 5% trichloroacetic acid (TCA) at a 2 mg/mL concentration for 24
hours. 50 µL of extract were transferred in triplicate to a 96 well plate with 150 µL of
concentrated sulfuric acid, followed by 30 µL of 5% phenol. The plate was incubated at
90ºC in a hot water bath for 10 minutes or until the color changed, which meant the
reaction occurred, and absorbance was measured at 490 nm on a microplate reader
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(BioTek Synergy HT). To calculate actual concentrations, a standard curve (glucose
concentrations of 0, 0.01, 0.05, 0.1, 0.25, 0.5, 0.75, and 1.0 mg/mL) was run in triplicate,
and concentration vs. average absorbance was plotted to provide a trend-line, slope
equation, and R² value of ≥ 0.98. The equation was used to calculate carbohydrate
concentration by plugging in the average absorbance of triplicate extract wells for Y and
solving for X of the slope equation. The percent of carbohydrates in the sample was
calculated by dividing the carbohydrate concentration by the dried coral weight,
multiplied by 100 (Slattery & McClintock 1995; Masuko et al. 2004).

Lipid Analysis
For each sample, ~50 mg of dried coral powder was placed into a pre-weighed vial and
extracted with 2 mL of chloroform and 1 mL of methanol (2:1 by volume) in a sonicator
for 15 minutes. The extract was then separated over deionized water in a 50 mL
centrifuge tube to allow the hydrophilic and hydrophobic layers to separate. The
hydrophobic layer (lipid extract) was pipetted into a second vial, and an additional 3 mL
of 2:1 chloroform: methanol was added to the vial to repeat the extraction. The extract
was separated once more, and the hydrophobic layer was again extracted and separated a
third time to ensure that all of the lipid extract was obtained. The lipid extract was then
dried on a speedvac for 24 hours until dry and then re-weighed. The total lipid content
was calculated as the final vial weight minus the initial vial weight. The percentage of
lipids in the sample was calculated as the total lipid weight divided by the initial dry
weight of the extracted tissue, multiplied by 100 (Saunders et al. 2005).
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Ash Analysis
Small cups of aluminum foil were made and ashed by heating in a 500ºC muffle furnace
for 30 minutes. The cup weights were then recorded, and 70-100 mg of dried coral
powder was added to each cup. The cups were then placed in the muffle furnace at 500ºC
for 4 hours and re-weighed. The ash-free dry weight was the difference between the
initial and final weights. Ash percentage in the sample was calculated as the final cup
weight minus initial cup weight, multiplied by 100 (Slattery & McClintock 1995).

Insoluble Protein Analysis
To determine the percentage of insoluble protein in each coral sample, the percentages of
each of the other four parameters—carbohydrate, protein, lipid, and ash—were added
together and subtracted from 100. The remainder represents the insoluble protein in the
sample (Lawrence & Kafri 1979).

Statistical Analysis
To analyze differences between the percent of each biochemical constituent (i.e., protein,
carbohydrate, lipid, and ash) across treatments, percentages were arcsin transformed prior
to the use of one way analyses of variance (ANOVAs) with caging treatments as the
factor. ANOVAs that showed a p-value of < 0.05 were regarded as significant. In those
cases, Fisher’s Protected Least Significant Difference (PLSD) post-hoc tests were used to
determine which treatments were significantly different from each other.
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Figure 1. Pictures of the soft coral Sinularia polydactyla used in this study. A) A healthy
colony seen up until about 2012 (note: picture area is ~ 1m2); B) A bleached portion of a
colony tip from a bleaching event in 2015 (note: picture area is ~ 10cm2). (Photos by D.
Gochfeld)

Figure 2. Location of the study site on Guam, Micronesia. A) The island of Guam, with
the collection site (Piti Bomb Holes) highlighted. B) A close-up of the collection site.
Both pictures from Google Maps, 2018.
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Figure 3. The caging treatments. A) Schematic of the three treatments: caged (fully
surrounded), partially caged (caging material providing a top, bottom and two sides), and
uncaged. B) Photograph of a full cage (photo by M. Slattery)
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Results
There was a significant difference in protein concentration between the three treatments
(ANOVA: P = 0.0044; Figure 4). The post-hoc test indicated higher protein
concentrations in the caged corals as compared to the uncaged and partially caged corals.
There was also a significant difference in carbohydrate concentration between the three
treatments (ANOVA: P < 0.0001; Figure 5). There was a higher concentration of
carbohydrate in the uncaged treatment as compared to partially caged and caged soft
corals. The ANOVA for insoluble protein also indicated a significant difference among
concentrations for the three treatments (P = 0.0498; Figure 8). There was a lower
concentration of insoluble protein in the uncaged treatment as compared to partially
caged and caged soft corals. However, there were no significant differences (ANOVAs: P
> 0.05) in lipid (Figure 6) or ash (Figure 7) among the three treatments.
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Figure 4. Percent protein in the soft coral Sinularia polydactyla in the three caging
treatments. Histograms represent the mean ± 1 SE protein concentration. Treatments that
differ significantly by ANOVA (p < 0.05) post hoc tests are indicated by different letters
above the histograms.

Figure 5. Percent carbohydrate in the soft coral Sinularia polydactyla in the three caging
treatments. Histograms represent the mean ± 1 SE carbohydrate concentration.
Treatments that differ significantly by ANOVA (p < 0.05) post hoc tests are indicated by
different letters above the histograms.
13

Figure 6. Percent lipid in the soft coral Sinularia polydactyla in the three caging
treatments. Histogram represents the mean ± 1 SE lipid concentration. Treatments did not
differ significantly by ANOVA (p > 0.05).

Figure 7. Percent ash of the soft coral Sinularia polydactyla in three caging treatments.
Histogram represents the mean ± 1 SE ash concentration. Treatments did not differ
significantly by ANOVA (p > 0.05).
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Figure 8. Percent insoluble protein in the soft coral Sinularia polydactyla in the three
caging treatments. Histogram represents the mean ± 1 SE insoluble protein concentration.
Treatments that differ significantly by ANOVA (p < 0.05) post hoc tests are indicated by
different letters above the histograms.
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Discussion
The Piti Bomb Holes research site in Guam was mostly unaffected by stressors
until an underwater observatory was constructed in 1995-1996, which brought much
human recreational activity and stress through sedimentation (Slattery et al. 2008). Over
the past 20 years, sedimentation, climate change, pollution, and disease have stressed the
benthic community not only at this site (Slattery & Gochfeld 2016), but also worldwide.
As sea temperatures rise, the degree of stress directly associated with bleaching intensity
will inevitably continue to increase (Slattery & Paul 2008), and while impacts from one
type of stressor can be harmful, those resulting from combined stressors can be far more
detrimental to corals.
Field experiments are important tools for studying changes in the benthic
community due to the ability to control certain factors within the native environment.
Although caging experiments are useful because corals can undergo their normal lifestyle
in their natural habitat, cages have the potential to produce additional undesired variables.
These variables can include light or water flow reduction due to the caging material,
possible build-up of fouling organisms along the wires, and increased sedimentation
(Schmidt & Warner 1984; Doherty & Sale 1985). These factors can possibly lead to a
caging effect that could misrepresent the impacts of predation, which is typically the
variable that caging experiments are designed to control.
This study tested the EST model on S. polydactyla and found that bleached corals
of this species supported the assumptions of the EST. As bleaching occurred, the
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corals were depleted of all zooxanthellae-derived nutrients (Slattery & Paul 2008). With a
reduction in nutrients, the uncaged and partially caged treatments were not capable of
reallocating their energy to predator deterrence, and instead the majority of their energy
was invested in survival.
As seen in Figure 4, protein concentration was higher in the soft coral S.
polydactyla within the caged treatment as compared to the uncaged and partially caged
treatments. Since the experiment took place during a bleaching event, this can be
interpreted as a predation effect, as the coral was able to undergo repair mechanisms
following bleaching in the absence of predators. In addition, whether or not corals were
bleached, the uncaged and partially caged treatments were subject to predators, meaning
they were exposed to continual tissue damage by feeding and must expend energy for
tissue repair. In an earlier study of the soft coral S. maxima in Guam, protein
concentration was reduced as a result of bleaching (Slattery & Paul 2008). Recovery of
protein concentration after bleaching was documented, although their corals were
exposed to predators. This bleaching event occurred in 1994, as compared to the
bleaching event in this study twenty years later. Over time, bleaching events have
become more frequent and intense, suggesting the recurrent bleaching stress combined
with predation could lead to an inability of a soft coral to recover.
Michalek-Wagner and Bowden (2000) noted a decrease in protein concentration
following bleaching in the soft corals Sinularia flexibilis and Lobophytum compactum,
although they attributed this reduction to the reallocation of energy to the production of
secondary metabolites. This decrease in protein and increase in secondary metabolites
caused a lower rate of predation due to increased unpalatability of the soft coral tissue. In
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contrast, Slattery and Paul (2008) found that bleached S. maxima experienced higher
predation pressure than unbleached soft corals due to a reduction in secondary
metabolites. Michalek-Wagner and Willis (2001) also documented a slight decrease in
protein concentration (11 to 17%) in L. compactum following bleaching due to the loss of
zooxanthellae, the coral’s major nutrient supplier.
An increase in carbohydrate concentrations was observed in the soft corals in the
uncaged treatment, as seen in Figure 5. As predation removes tissue and is likely to
require energetically costly tissue repair, this increase in the uncaged corals is not
believed to be a predation effect. Instead, the decrease in carbohydrates in the partially
caged and caged treatments is more likely to be a cage effect. The wire mesh and possible
algal buildup along the cage material may have prevented the soft corals in the partially
caged and caged treatments from receiving full sunlight for photosynthesis. Among the
products of photosynthesis are carbohydrates, which are produced by zooxanthellae,
showing how crucial the zooxanthellae are to the production of this rapid energy store.
Following recent bleaching events, corals show a reduction in zooxanthellae-derived
nutrients (Slattery & Paul 2008; e.g., carbohydrates, lipid, and protein), and with a
reduction in these energetic components, corals are not able to use the carbohydrates to
repair damaged tissue by predators.
Carbohydrate concentration in Sinularia spp. also decreased in a previous study
(Slattery et al. 2008) due to sedimentation stress, which also reduces water clarity and
therefore the efficiency of photosynthesis. In that study, tissue carbohydrates decreased
as mucus carbohydrate concentration increased. This suggests that the energy produced
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through carbohydrates was reallocated from tissue repair to mucus production, which
improves survival by removal of sediment from the corals’ surface.
There was no significant difference among the three treatments for percent lipid
or percent ash, as seen in Figures 6 and 7. Unlike in the present study, Michalek-Wagner
and Willis (2001) documented a decrease in lipid concentration (12 to 41% reduction) in
L. compactum, which was correlated with the loss of zooxanthellae, although they found
that pre-bleached lipid levels were recovered after 3-4 months. Slattery and Paul (2008)
reported a decrease in lipid concentration (20% reduction) following a bleaching event in
S. maxima; however, after 1-2 months, the soft corals had quickly recovered. This is
interesting because in the present study on S. polydactyla, the corals never recovered,
even 12 months after the bleaching event (Slattery personal communication), suggesting
that lipid reserves could have been used as a long-term energy source. The lack of
recovery could also suggest a growing intensity of bleaching events over time as they
become increasingly frequent (Donner et al. 2005). In addition, in a previous study
(Slattery et al. 2008) of unbleached S. polydatcyla from the same site, lipid content was
much higher than in the present study (~32%, as compared to ~3% in the uncaged corals
in this study). This likely reflects that as bleaching events are increasing in frequency
and intensity, the energetic lipid stores are being depleted for coral survival.
It is expected that since higher lipid concentration in prey is more attractive to
predators (Slattery & Paul 2008), that a predation effect would have been noted in this
study; however, the lipid concentration in all three treatments was extremely low. It is
possible that no difference was noted because the intense bleaching event in this study
depleted lipid stores to the point at which a predation effect could not be detected. Lipids,
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as a major energy source, are also needed for tissue repair; therefore, when the coral is
fed on by predators, the lipid stores are depleted even further.
There was a significant difference among the three treatments for insoluble
protein concentration with a lower concentration in the soft corals in the uncaged
treatment (Figure 8). The insoluble protein fraction is made up of deoxyribonucleic acid
(DNA), ribonucleic acid (RNA), histones, secondary metabolites, and other structural
proteins. This concentration was calculated by subtraction of the other biochemical
constituents from 100%, so it may just be a mathematical artifact, but it could possibly be
a resource allocation issue. More research needs to be done before drawing any
conclusions as to the importance of this parameter with respect to coral physiology.
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Conclusion
Soft corals, as a major part of tropical reefs, are under increasing natural and
anthropogenic stress. These coral reefs play a crucial role in coastal protection, fisheries,
recreation, and potential new drug discoveries. Stressors, including coastal run-off,
ultraviolet light, climate change, ocean acidification, predation, and disease, can be
detrimental to the coral’s health. With the increased intensity and recurrence of these
multiple stressors, the corals cannot fully recover. As supported by the EST, bleaching
stresses the corals to a point of significant nutrient reduction, which can lead to a
reallocation of energy to simple survival rather than other important factors such as
reproduction or predator deterrence. Without any proactive measures to save the corals,
the tropical reefs might, in the future, reach their detriment.
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